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Executive Summary

This report summarizes effort performed under AFOSR contract FA9550-04-C-0028. It
describes theoretical and CFD studies related to surface spark discharge to quench stall-slip
departure due to asymmetric vortex shedding on fighter aircraft nose tips, augment directional
control/authority, agility and develop tailless capability.

Despite extensive research of symmetric vortex breaking, a major deficiency is limited
understanding of the underlying basic physical processes such as vortex flow instabilities near
forebody noses as they pertain to bifurcations of the vortex structure. These deficiencies are
evident in the scope of previous experimental, theoretical, engineering and CFD studies.

Although empirical fixes such as strakes have been successfully used for asymmetric vortex-
induced yaw departure problems on current generation aircraft such as the X-31 and F-18
HARV) research and design of more efficient and robust flow control devices are needed. One of
the most promising techniques is a high-frequency discharge on the forebody surface. Compared
to previous control devices such as strakes and jets, this approach offers adaptability to rapidly
changing flight and mission conditions, constructional simplicity, no plumbing or volume or
bleed air penalties, massless operation, no changes in aerodynamic shape; no influence on
aircraft characteristics when the system is not in use and low weight and power penalties on
typical flight vehicles. Moreover, discharge frequency and power variation allow optimal flow
disturbances and closed loop feedback control.

The first phase of this project clearly showed that vortex symmetry breakdown strongly depends
on the boundary-layer separation locus. The latter can be effectively controlled by a surface
discharge located upstream from the separation line. Using spark discharges of relatively small
power (less than 1 kW) it is feasible to shift the separation line toward the windward surface and
stabilize symmetric vortex structure. Such power levels can be easily accommodated on aircraft.
With our theoretical guidance and under complementary EOARD support, the Institute of
Theoretical and Applied Mechanics (ITAM, Novosibirsk) performed a series of wind-tunnel
experiments demonstrating the ability to control the vortex asymmetry with the help of spark
discharges. ITAM validated the theory and even provided a working spark discharge
arrangement that avoids symmetry breaking on a conical nose tip typical of actual aircraft
shapes.

In the second phase (2004-2006), the effort has been focused on development of more
comprehensive computational tools, which could provide data for validation and calibration of
our lower-order theoretical models. By examining available numerical methods, which have
been used for modeling of the vortex flow over a cone at high angles of attack, we concluded
that methods based on the Conical Navier-Stokes (CNS) equations fit our needs. The CNS
equations are an approximate form of the 3-D Navier-Stokes equation. They differ from the full
equations by the assumption of constant properties in the radial direction. Nevertheless, the
conical solutions reproduce symmetric and asymmetric vortex configurations, which are similar
to those observed in experiments. As contrasted to our earlier lower-order models, in which the
separation points were fixed a priori, the CNS method captures the interaction between viscous
boundary layer and inviscid outer flow and predicts separation lines.
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In 2004, the CNS solver has been developed and applied to modeling of vortex structures over a
cone at high angles of attack. The first series of calculations conducted for laminar flow showed
that the CNS solver reproduces symmetric and asymmetric vortex fields and can be used for
estimation of the critical angle of attack at which the vortex symmetry breaks down. However,
the wind-tunnel experiments of ITAM and the majority of full-scale flight applications
correspond to turbulent flow. This motivated us to focus our 2005 effort on CNS modeling of
vortex structures for turbulent boundary layers.

In 2005, the CNS solver has been extended to turbulent boundary layers for modeling of the
vortex symmetry breaking. Comparative analysis of different two-parameter turbulent models
showed that these standard models should be modified in order to simulate three-dimensional
turbulent flows with significant adverse pressure gradients, separated shear layers and strong
vortices outside the boundary layer. To achieve good agreement with experimental results it is
necessary to reduce, or even eliminate the turbulent eddy-viscosity in the leeward-side vortices.
This was accomplished using a Galilean-invariant leeward vortex filter. The modified k-e EASM
model was incorporated into our CSN solver. Parametric calculations showed that numerical
solutions obtained with this model satisfactorily predict characteristics of symmetric and
asymmetric turbulent flows observed in the subsonic wind-tunnel experiments. The k-¢ EASM
model was recommended for further studies of the surface plasma discharge effect on the vortex
structure.

In 2006, we used the CNS solver for modeling of the forebody vortex symmetry plasma control.
In particular, we considered spark-discharge forcing of turbulent boundary-layer separation and
vortex asymmetry on a sharp cone at high angles of attack. To simulate local heating induced by
the spark discharge, a source term was added to the energy equation in a simple analytical form.
A first series of calculations for one energy source located at the cone cross-sectional equator
showed that CNS predictions are qualitatively similar to our experimental observations. Namely,
the heat source (located on the side with farther vortex) causes early separation and reduces the
vortex flow asymmetry. Calculations showed that with two symmetric heat sources located on
opposite sides of the cone cross-section it is feasible to restore the symmetric flow pattern and
eliminate the side force. For one source, there is a critical value of the source intensity at which
the flow asymmetry and corresponding side force change sign. The side force reveals a hysteretic
behavior versus the source intensity. These examples indicate that the side force control law may
reveal non-monotonic features depending on the relative angle of attack and heat source
intensity. We also considered the convergence history of the conical solution with the energy
source activated during a finite time period. It was shown that the length of transition from a
nearly symmetric to an asymmetric state might be of the order of the actual body length.
Accordingly, it is important to perform adequate modeling of the transition process. In this
connection, part of our future effort will be focused on theoretical and 3-D Navier-Stokes CFD
studies of the downstream evolution of an originally symmetric vortex flow to an asymmetric
state.

A major gap in plasma flow control technology is the lack of self-consistent theoretical models
and robust computational tools providing adequate simulation of heat and momentum sources
induced by surface plasma discharges. To bridge this gap, we plan to conduct comprehensive
theoretical and computational studies of the plasma surface discharge physics. First steps in
solving this problem were made under EOARD sponsorship (ISTC Project 2235). Preliminary
calculations indicated that our physical and numerical models capture the streamer phase of

ii
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surface barrier discharge (SBD) evolution. This provides a good starting point to address the
relaxation phase and treat the whole SBD cycle produced by an alternating applied voltage.

With our refined theoretical and CFD tools, we are well positioned to investigate effects of
external forcing produced by surface plasma dischargers and address the problem of plasma stall
spin departure control as well as aerodynamic augmentation of high altitude, long endurance
aircraft. We plan to target plasma control of the interaction of separation and transition as well as
vortex breakdown in connection with this application and others. An EOARD-ISTC
experimental complement to this study is being performed by our ITAM team in connection with
schemes to control the flow over high-speed wings.

iii
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1. Background

High angle of attack maneuvering capability is critical for mission survivability of modern
fighter aircraft [1]. A key element is freedom from stall and slip departure that can occur because
of asymmetric forebody vortex formation. A pointed axisymmetric body at sufficiently large
angles of attack experiences a side force associated with formation of asymmetric vortex
structures (Figure 1). Continuing experience with current inventory aircraft such as the Northrop
F-5, F-18 and the Rockwell X-31 shows that the asymmetric vortex phenomenon can produce
forces and moments that are large and evolve rapidly. Both factors may result in a loss of control
due to the reaction limitations of the pilot and lack of control authority. Conventional solutions
of this problem are strakes, slot blowing and engine thrust-vectoring.

vortex feeding
sheet

concentrated
vortices

separation line

Figure 1 Vortical flow over a cone at high angle of attack.

(a) (b)

Figure 2 Actuated strakes (a) and forebody vortex formation (b) on F-18 HARYV (from
Banks et al. 1994).
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Fixed geometry strakes as well as chines could be a point design that might not resolve the stall-
spin tendency over the entire flight envelope. Variable and actuated strakes (Figure 2) might be a
more global flight envelope solution. However, they may compromise flying qualities,
aerodynamic performance as well as stability and control. They also introduce mechanical
complexity and weight issues. Blowing and thrust vectoring may require too much engine bleed
air to be effective. MEMS is another possibility, although special micro-fabrication and basic
understanding and continuing research is needed to account for the complex issues of this flow in
the control laws.

Feasibility studies of the first phase of this project (see Section 2) show that plasma surface
discharges can be effectively used to control the forebody vortex structure.” Symmetrical
tripping of the boundary layer by a simple plasma discharge device may be advantageous
compared to the aforementioned schemes due to its simplicity, potential effectiveness and
attractiveness for a close-loop feedback system that might include co- and counter-phasing. A
schematic of a plasma control system is shown in Figure 3. A potential high impact flip-side
opportunity that may have some low-hanging fruit is to use the stall-slip departure tendency for
yaw control and tailless capability. This could be one possible outcome of the plasma solution.

/ pressure sensors

PID controller

plasma discharge
elements

free stream

Figure 3 Schematic of discharge system for stall-spin departure control.’

Although the problem of forebody vortex symmetry breaking has received much attention [2],
important needs must be met before stable and reliable high-angle-of-attack flight can be

t Malmuth, N., Fedorov, A., Soloviev, V., Maslov, A., Zharov, V., Shalaev, 1., Surface Plasma Discharge For
Controlling Forebody Vortex Asymmetry, US Pat. No. 6,796,532 (09/28/2004)
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achieved. One of the difficulties is accurate simulation of the unsteady aerodynamic forces and

moments due to the unsymmetrical flow pattern. Because the underlying physical mechanisms
are not well understood, development of control devices is relegated to trial and error. The
related lack of simulation capability complicates implementing robust fixes on operational
aircraft.

The practical importance of the asymmetric vortex phenomenon has prompted much
experimental [3]-[14] and theoretical [15]-[20] research. Asymmetrical flow fields arise near the
fuselage nose. Downstream from this region, the body shape slightly affects the vortex structure
[31-[51, [71-[9], [12], [13], [17]-{19]. This feature suggests control of the vortex asymmetry by
perturbations close to the nose [3]-[5], [17]-[19] and leads to research on forebodies of simple
shape, such as cone and ogive cylinders [3], [4], since most noses can be approximated by such
shapes.

Occurrence of asymmetry is related to absolute rather than convective and nonlinear rather linear
instabilities of the symmetrical flow field [14], [15]. This leads to strong dependence of the flow
pattern on small disturbances, such as vibration of the nose and its roughness [3], [4] and [12],
distortion of the nose shape [3], [4], [17]-[19], freestream disturbances [3], [7], [8]. The physics
of this instability is not yet understood. The lack of reliable theoretical models has precluded
identifying a clear criterion for the origin of instability and development of asymmetry.

The vortex symmetry breaking strongly depends on boundary-layer separation, which might be
very sensitive to small-scale, freestream disturbances and high frequencies (e.g., noise,
turbulence, body vibrations, roughness). Criteria for experimental simulation of the boundary-
layer flow and its separation must account for dependence on Reynolds number (viscous effects),
and varying level of freestream disturbances (which may be minimized in quiet wind tunnels).
Experimental designs should also include roughness and waviness of the model. These criteria
are not accounted for in routine aerodynamic experiments. Furthermore, the problem of
aerodynamic force simulation is complicated by an ambiguous role of external disturbances that
can affect the global flow field. In this connection, data obtained in different wind tunnels
weakly correlate with each other [3], [21]. Also, they are not easily extrapolated to flight
conditions.

This research, and complementary experimental effort of the Institute of Theoretical Mechanics
(ITAM) in Novosibirsk Russia, sponsored by the ISTC/EOARD Project-2235 project, is filling
these gaps. Our theoretical studies are based on a combined numerical and asymptotic approach.
The major thrust is related to surface discharge plasmas and other plasma devices to quench
stall-slip departure due to asymmetric vortex shedding on fighter aircraft nose tips, augment
directional control/authority, agility and develop tailless capability.

2. Major accomplishments

An overview of the project effort is shown in Figure 4. The effort includes the two major
components:

1. Plasma discharge modeling

2. Fluid dynamics modeling
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Figure 4 Project overview with major components.

The first component is focused on development of self-consistent theoretical models and robust
computational tools providing adequate from-first principles-simulation of heat and momentum
sources induced by surface discharges. The second component deals with development of
theoretical (lower-order) and computational models of fluid dynamics relevant to plasma flow
control applications. These two components are strongly coupled and aimed at the development
of a combined theoretical and computational toolbox for plasma flow control applications. The
theoretical and computational effort is anchored by the experimental effort conducted under a
separate complementary program at the Institute of Theoretical and Applied Mechanics
(Novosibirsk, Russia) to provide a cohesive and cost-effective attack on the plasma actuator
problem.
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Currently we study stall-slip departure control associated with asymmetric vortex shedding on

aircraft nose tips. Natural continuation of this effort will be the vortex flow control on delta
wings. This fluid dynamics problem perfectly fit to plasma flow control application because
delicate local forcing of separated boundary layer leads to global changes of the vortex flow and
its asymmetry that, in turn, strongly affects side forces. This opens up an opportunity to eliminate
symmetry breaking, preserve lift, augment lateral control authority, delay vortex breakdown and
augment tailless capability of various aircraft.

2.1 Accomplishments of the 2001-2003 effort

In FY-2001-2003, we conceptualized a theoretical model of the vortex dynamics and estimated
feasibility of the vortex structure control using a surface discharge on a sharp slender cone at
angles of attack [P1]. We started with theoretical modeling of the flow asymmetry occurrence on
a sharp cone at high angle of attack. From slender body theory and point vortex modeling of the
inviscid flow we found that the symmetry breaking is associated with nonlinear instability of the
saddle point occurring over the body surface as schematically shown in Figure 5.

Symmetry breaking is related
to stability of the saddle point

Figure 5 Saddle point over the body surface.

It was shown that the saddle point trajectories are governed by the Ginsburg-Landau (GL)
equation. Analysis of this equation indicated that the saddle point is nonlinearly unstable under
supercritical conditions. If a periodic forcing of the saddle point is larger than a certain critical
level (red dashed line in Figure 6), then the saddle-point oscillations quickly increase
downstream and attain a spike-like shape. The amplitude of these spikes tends to infinity at a
finite distance from the tripping element. This trend indicates that the symmetric flow pattern
breaks down and evolves to an asymmetric state at finite distance from the tripping element.
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U=freestream speed
L=body characteristic length
t=time in units of LU
X= downstream distance In units of L

1% 7
Square of o
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perturbation) 1% Ml MR .

t =time in units of LU

Figure 6 Saddle-point instability predicted by Ginsburg-Landau equation.

Using nonlinear solutions of the GL equation (with coefficients related to our problem), we
established the criterion of symmetry breaking (red lines in Figure 7) in terms of the boundary-
layer separation angle &, (this angle is shown in Figure 1-1) and the normalized angle of attack

a=a /5, where § is cone half angle. An additional parameter, A, specifies the cross-sectional
thickness of the body. Parametric calculations were performed for slender elliptic cones with A4
varying from 0.01 (thin delta wing) to 1 (circular cone) for a wide range of separation angles and
normalized angles of attack a =1-10. The criterion of saddle-point stability correlates well with
the experimental data [14] for round (circles) and elliptic (rhombus) cones. As 6 — 0, the
experimental data for circular cones converge to the theoretical curve of saddle-point occurrence
estimated from the first-order approximation of slender body theory. For elliptic cones, the
experimental points practically lie on the theoretical curve of saddle-point occurrence although
the expansion parameter is not very small. The discrepancy between data and calculations for
thin delta wings is more appreciable since vortex breakdown and the boundary layer state
(laminar or turbulent) influence the asymmetry in this case. When this does not occur, the
discrepancy between theory and experiments is of the same order as that for a right circular cone
of the same apex angle. Details of this comparison are given in [P4].

As shown in Figure 8, the breakdown of symmetric vortex structure strongly depends on the
separation locus that can be effectively controlled by a surface discharge located azimuthally
upstream from the separation line. Using discharges of relatively small power (less than 1 kW)
that are easily deployed on modern flight vehicles, it is feasible to shift the separation line toward
the windward surface and stabilize the symmetric vortex structure.
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Figure 7 The theoretical criterion of vortex symmetry breaking (red lines) agrees well with
the experimental data [14] (symbols); circles — round cones of half angles 6 =3",5°,10°;
rhombus — elliptic cone of the axes ratio 4 =0.3.
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Figure 8 Movement of blue point to red point from symmetry breaking zone to symmetric
vortex zone with plasma Joule heating. Region 1 - no vortices; Region 2 - only one solution
with two symmetric vortices; Regions 3 and 4 — there are symmetric and asymmetric
solutions. In Region 3 symmetric solution is stable; in Region 4 symmetric solution is

unstable.
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2.2 Accomplishments of the 2004-2006 effort

In our previous studies [P1,P4] the inviscid point vortex-pair model has been used to simulate the
vortex structure over a slender body at incidence. However, we found that this model is not
adequate to account for the coupling of the inviscid flow with the viscous boundary layer, since
it is ineffective in iterative calculations of the separation loci and the production of feeding
sheets that create the large-scale vortex dynamics and fractal structures associated with high
angles of attack. Moreover, the boundary-layer solution becomes singular approaching the
separation region complicating the prediction of separation lines and simulation of the coupling
between boundary-layer separation and global large-scale vortical dynamics, which traditionally
and with some success has been simulated as an inviscid vortex flow. This inadequacy motivated
us to develop a more sophisticated computational tool, which captures the viscous-inviscid
interaction and at the same time is not computationally intense. The latter requirement is
important for quick assessments of vortex flow control by surface discharges of various shapes
and intensity.

By examining available numerical methods, that have been used for modeling of vortex flows
over cones at high angle of attack, we concluded that methods based on the Conical Navier-
Stokes (CNS) equations [22] fit our needs. The conical solutions reproduce symmetric and
asymmetric vortex structures, which are similar to those observed in experiments. The major
advantage of the CNS method is that it requires computations in only two dimensions, thereby
considerably reducing computation cost. Although the flow is not purely conical when viscous
effects are taken into account, conical similarity is a reasonable first approximation since the
vortex feeding sheets still appear to emanate along the cone generators. An important concern in
this simplification is the adequacy of the conical similarity. This is an area of future research.
Nevertheless, preliminary indications suggest that it may be adequate to describe the flow field
in certain important regimes of interest. Heuristically we expect that conical similarity may be
valid for boundary layers that are thin.

The CNS method has been accomplished using the PSENS (Parallel Structured Euler, Navier-
Stokes) solver [23] modified by Dr. Zakharov. This code solves Navier-Stokes equations for 3-D
compressible flows using the MUSCL upwinding procedure with Roe's flux difference splitting
for the mean flow equations coupled to the turbulence model equations. Viscous terms are
discretized using the second-order central differences in either the thin-layer or full Navier-
Stokes form. The temporal integration is accomplished with an implicit, diagonalized,
approximate factorization scheme. In our approach, the 3-D Navier-Stokes equations are written
in spherical coordinates. These equations are solved in a thin region (R,,R,+AR), which

contains four grid points along the axial coordinate (see Figure 9). The boundary conditions on
the upstream (R = R,) and downstream (R = R, +AR) planes with local conical invariance is

formulated as

(u’v’w’p’p)R=R0 =(u’v’w’p’p)R=&,+AR' Q)
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No-slip conditions are imposed on the cone surface of radius 7, , which is the inner boundary of

computational domain. The non-reflecting boundary condition resulted from 1-D Riemann
invariants are formulated on the outer boundary of radius 7,,, .

Figure 9 Coordinate system and computational domain.

An O-grid is generated on the upstream plane R = R, . This grid is homogeneous in the azimuthal

direction (the number of grid points in this direction m=180) and is clustered near the cone
surface as

r(J)=1+(r —1) I-S+Ln_,, j=Ln, )

I:s+1 -1
L4} ——
s—1

where n=101 is number of the grid points in the radial direction, s=1.025 is compression
factor, the outer boundary radius is r,, =15r,,, . This grid is continued to the downstream plane
along spherical radii. The grid clustering was also performed in the azimuth direction (from
A@ =3 on the windward to Ap ~1" on the leeward side) using the relation

: . % : : . 3
o(i)=o(i —l)—@(ll—sm((o(z—l))), i=Ln,/2, ¢(0)=37, @)
where 7, is number of the grid points in the azimuth direction.

The following models of turbulence have been investigated: k-epsilon EASM [24], k-omega
ESAM [24], and various modifications of k-epsilon model presented in Refs. [25-27]. Parametric
calculations showed that the extension of standard turbulence models, which have been
developed for attached boundary layers and wake flows, to highly three-dimensional flows with
significant adverse pressure gradients, separated shear layers and strong vortices outside the
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boundary layer is not straightforward. The major difficulty is associated with modeling of the
turbulent eddy viscosity in regions of high vorticity.

In order to achieve good agreement with experimental results it is necessary to reduce, or even
eliminate the turbulent eddy-viscosity in the leeward-side vortices. This was done using a
Galilean-invariant leeward vortex filter

A
H =tanh| —|, 4)
Hmax
where v is local cell volume; H_, is constant determined empirically;
Ux I/x Vy Wy Ux X . . . . . . . .
I, = + - is Galilean-invariant reliably responds to vorticity outside
U,V I/,V I/z VI’Z Uz z

the boundary layer. The invariant I, does not distinguish between a free vortex and vorticity
within the boundary layer. This is remedied with scaling of I, by the local cell volume v, which
is also invariant. Small cells within the boundary layer receive much less of a contribution than
larger cells in the vortex region.

Equation (4) is applied to a particular turbulence model by modifying the turbulence production
term. For example, the eddy-viscosity production term of the Spalart-Allmaras model is

, 4)

P=c,v,|o

where ¢,, is a scalar coefficient, v, is turbulent eddy-viscosity, and @ is vorticity. This

production term was modified as

P'=P(1-H,), | (6)

The filtering (6) reverts to the original formulation within the boundary layer (H, —0), and
removes the production of eddy-viscosity in the leeward-side vortices (H, —1).

With this modification of the vortex filter we carried out series of computations and showed that
the k-e EASM model with H__ =5x10"" provides the best fit of separation angles to

experimental values. For the k-g model, this is achieved with H_, =2x107"7.

s 40
5% »
PIATR .
g? o f \ - k-e EASM
§ ¥ A0 —t—t—1t T L ke
5% bl /
(4 A
s,

-180 -140 -100 80 -20 20 60 100 140 180

circumferential angle (degree)

Figure 10 Angle between the skin friction lines and the cone generator as a function of the
circumferential angle ¢ ; Mach number M _ = 0.6, Reynolds number Re, =9.8x 10°;

asymmetrical flow at o =3.
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Figure 10 shows the angle y, between the skin-friction lines and the cone generator as a

function of the circumferential angle ¢ . The numerical predictions of this distribution are close

to each other (compare the black solid line with the red dashed line) and agree well with the
experimental data [28] (symbols) corresponding to  =3.

It was shown that the k-€ EASM model [24], with the vortex filter (4), is appropriate for further
CSN modeling of the vortical flow. The CNS solver reproduces symmetric and asymmetric
vortex fields (Figure 11), allows for estimations of the critical angle of attack at which the vortex
symmetry breaks down (Figure 12), and predicts the side force due to the vortex symmetry
breaking (Figure 14). Details of the CNS modeling and comparisons with experimental data are
given in [P10].

This study provides a significant improvement over previous symmetry breaking models in
which the separation angles and origins of the feeding sheets were assumed. Importantly, the
CNS solver is a computationally non-intensive tool, which is convenient for parametric
calculations of vortex symmetry breaking and its control and system studies, particularly
conceptual design. These results provided a launching pad to continue the CNS modeling of the
vortex symmetry breaking and its control.

02f 028

Figure 11 Density field for the intermediate symmetric (a) and final asymmetric (b)
solution, @ =2.5, Re, =9.8x10° and M =0.6.
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Figure 12 Critical angles of attack versus the cone semi-apex angle, red symbols — CNS
prediction, other symbols and blue line - experiments.
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Figure 13 Side-to-normal force ratio as a function of the relative angle of attack o for
laminar flow, black line with squares — CNS prediction at Mach=0.2, red line with triangles
— CNS prediction at Mach=0.4, blue diamonds — experiment.

In 2006, we used the aforementioned CNS solver for modeling of forebody vortex symmetry
plasma control [P12]. In particular, we considered spark-discharge forcing of turbulent
boundary-layer separation and vortex asymmetry on a sharp cone at high angles of attack.

To simulate local heating induced by a surface spark discharge we added a source term to the
energy equation
lLO
9=21=, (7)

aoauo

where ¢° — power per unit volume, [¢']=[W/m3]; L' — cone length in x-direction; p, -
freestream density, a. — freestream speed of sound; asterisks denote dimensional quantities. The
spatial distribution of heat sources is given by the function g(r,¢) that is expressed in the
analytical form suggested in Ref. [P1]

q(r,p)=q,r’exp [r—ro_(fo—)] ; ®)

where g, — heat source intensity, 7, ((o) — central line of the discharge arc, o — scale of the

source width, » =+/y*+z* —r,, - radial distance from the cone surface. The central line is

cone

approximated by the parabolic function

rc=2r0\/|(¢_¢l)(¢2—¢)|’ )]

where r, — maximum distance from the cone surface to the center line, ¢, and ¢, — angular
locations of the electrodes. The distribution (2) mimics the shape of surface spark discharges

12
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utilized in the experiment [P5]. The dimensionless total power deposited by the source per unit
length is

o

Q=m= Hq(y,z)dydz, (10)

(».2)

where integration is performed over the cross-sectional plane (y,z) of the computational
domain.

Preliminary numerical calculations were carried out for a circular cone of half angle § =5,
freestream Mach number M_ = 0.6 and Reynolds number Re, =9.8x10°. The normalized angle
of attack is e =a’ /8 =2.5. Flow turbulence was simulated using the k - ¢ EASM model with
vortex filtering, details of which are discussed in Ref. [P10]. The source spatial parameters are
0 =2x10", r,=10". The discharge centerline angle, @, =0.5(¢, +¢,)=90°, corresponds to

the cone cross-section equator, the angles of electrodes are ¢, = ¢, —5° and =@, +5°. For
q g | =9 D, =,

these parameters the discharge energy is deposited predominately in the upper portion of the
boundary layer. Figure 2-11 shows the flow energy field corresponding to asymmetric solution
without heat source. In this baseline case, the right vortex is located higher than the left vortex.

With the heat source (g, =10") located at the equator on the left side, the solution has lower
asymmetry compared with the baseline case (compare flow fields in Figure 14 and Figure 15a).
For the source of higher intensity, g, =1.2x10" (Figure 15,b), the solution predicts the flow with
asymmetry being opposite to the baseline case; i.e., the right vortex is lower than the left one.

These numerical examples show that the heat source effect predicted by CNS modeling is
qualitatively similar to that observed in the experiments [P5].

Figure 14 Flow energy field of asymmetric solution without heat sources, angle of attack
a=25.
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Figure 15 Flow energy field of asymmetric solution with the heat source of ¢, =10" (a) and
g, =1.2x10" (b) on the left side, angle of attack o =2.5.

Similar calculations have been performed for two symmetric heat sources of intensity
g, =2x10". For a=2.5, the symmetric heat sources make the originally asymmetric flow

pattern become purely symmetric (see Figure 16). This is again consistent with the experimental
observations [P5].
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(b)
Figure 16 Flow energy patterns: (a) — natural asymmetric flow without heat sources, (b) -
symmetric flow with the heat sources on; @ =2.5, M, =0.6, Re, =9.8x10°, g, =2x10".

Figure 17(a) and (b) show the flow energy patterns for the unforced vortex structure and for the
flow with the heat sources. Despite symmetric forcing the flow pattern remains asymmetric.
Figure 18 shows the side force as a function of the iteration number for the relative angle of
attack & =2.5 (a) and a =3 (b). These plots mimic the side force history after activation of the

14
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heat sources. Initially, the sources are off and the side force is a negative constant. After

switching the heat sources on, the solution converges to a new steady state. The convergence
processes are substantially different:

e For a=2.5, the side force monotonically tends to zero; i.e., the solution evolves to a
symmetric state.

e For a =3, the side force modulus quickly decreases and then oscillates near a constant level
that is presumably associated with a pseudo stable state. After few oscillation periods, the
solution monotonically departs from this state and ultimately converges to another state
corresponding to a larger side force. Surprisingly, the symmetric forcing leads to an
increased side force.

The foregoing examples indicate that the side force control law may have non-monotonic
features depending on the relative angle of attack and the heat source intensity. These features
need further detailed studies.
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Figure 17 Flow energy patterns: (a) — natural asymmetric flow with the heat sources off, (b)
— symmetric flow pattern with the heat sources on; =3, M_=0.6, Re, =9.8x 10°,

g0 =2x107.
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Figure 18 Side force as a function of the iteration number, a) @ =2.5,b) a =3; ¢, =2x 107.
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We also investigated effects of the energy source intensity on the vortex asymmetry.
Calculations, which were performed for two symmetric heat sources located on opposite sides of
the cone cross-section, showed (see Figure 19):

e For a relative angle of attack o =2.5, the heat sources shift the separation lines toward the
cross-section equator and make the originally asymmetric flow pattern become purely

symmetric. This occurs for the source intensity g, >14x10°.

e For a relative angle of attack a =3, the flow pattern remains asymmetric despite the
symmetric forcing up to a source intensity g, =25x10°. During the convergence process, the
side force modulus quickly decreases and then oscillates near a constant level that is
presumably associated with a pseudo stable state. After few oscillation periods, the solution
monotonically departs from this state and ultimately converges to another state
corresponding to a larger side force.

0.1
0 > L;
5 -0.1 *2-5
S 02 =3
0.3 ]
0.4 4 - . . .
0 5 10 15 20 25
discharge amplitude (x 1.0e+006)

Figure 19 Normalized side force coefficient as a function of nondimensional source
intensity g, for two symmetric energy sources; line with triangles — a = 2.5, line with

squares — a =3.

For one source (located on the side where the vortex is closer to the cone surface), there is a
critical value of the source intensity at which the flow asymmetry and corresponding side force
change sign (see Figure 20). As g, increases from zero to this critical value, the side force

decreases but does not vanish. At the critical source intensity, the side force jumps to a level that
is higher than the original level corresponding to g, =0. With further increasing of g, the side
force slowly increases. Moreover, the side force reveals a hysteretic behavior versus the source
intensity. These examples indicate that the side force control law may reveal non-monotonic
features depending on the relative angle of attack and the heat source intensity.

16
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Figure 20 Normalized side force coefficient as a function of source intensity; the energy
source is located on the cone side where the vortex is closer to the cone surface; line with
triangles — o = 2.5, line with squares — o =3.

The foregoing numerical results indicate that it is not feasible to achieve symmetric flow using
an energy source located only on one side of the cone surface. At first glance, this contradicts
experiment [P5], where a smooth variation of the vortex structure versus the discharge power
was observed and the symmetric flow was achievable. However, in these experiments the energy
source was located near the cone nosetip, and the flow patterns were examined far downstream
from the discharge region, where there was no energy addition to the flow. This case can be
treated using the spatial-temporal similarity; i.e., the streamwise evolution is similar to the
temporal evolution with time ¢ = x/u, where x is longitudinal coordinate and u is longitudinal
velocity. Accordingly, the experimental data may be interpreted as data of an unsteady process.
Initially (near the cone nose) there is asymmetric flow. Then the energy source forces the flow to
evolve from the asymmetric state to nearly symmetric state. This occurs in the range of energy
deposition. Then, the source is switched off and the nearly symmetric flow pattern relaxes to an
asymmetric state with right or left asymmetry. The relaxation rate depends on the source power,
its length and locus. At a certain combination of these parameters, the relaxation rate may be
small. In this case, one can observe almost symmetric flow pattern over the cone of relatively
short length. However, at sufficiently large distances from the source locus, the flow pattern will
be asymmetric because the symmetric state is unstable.

In solving the conical Navier-Stokes equations, the iteration number of the convergence process
may be treated as a time-like variable, if calculations are conducted with a constant time step for
all grid cells. An example of such calculations is shown in Figure 21for the case a =3. The
energy source of g, =2x10" was turned on and then turned off as shown in the figure. The
activation “time period” was chosen so that the side force was slightly positive by the end of
forcing. In this case, the flow remains almost symmetric for a long “time period”. Ultimately the
flow evolves to the asymmetric state due to instability.

17
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Figure 21 Evolution of the side force coefficient versus the iteration number; the energy
source is active in the finite range indicated in the figure.

These features of CNS solutions indicate that it is important to perform adequate modeling of the
transition process. Currently, we address this problem by solving the 3-D Navier-Stokes
equations. Furthermore, the aforementioned numerical results are used for refinements of our
lower-order models. The latter are needed to develop close-loop feedback systems for yaw
control and tailless capability.

In summary, the theoretical models and computational tools developed under this project make
us well equipped to address the problem of plasma flow control for delta wings at high angles of
attack.

2.3 Experiments in ITAM

The theoretical feasibility studies of Section 2.1 initiated wind-tunnel experiments at ITAM
under EOARD support (ISTC Project #2235). The experiments were performed on a slightly
blunted cone at freestream speeds 10-24 m/s [P5,P8]. Two rows of electrodes were flush
mounted along cone generators as shown in Figure 22. Spark discharges were ignited between
the first pair of electrodes with the alternating voltage of frequency 400 Hz and voltage V~20kV.
The total discharge power was varied in the range 20 — 100 W.

Without plasma discharges, the vortex structure has right asymmetry as shown by smoke
visualization in Figure 23. With the spark discharge on the right side, the vortex structure has left
asymmetry. The vortex asymmetry changes from right to left with gradual increasing of the
discharge power. These experiments confirm our basic concept. More details of this
experimental phase of the effort are given in [P5,P8]. Therein a full description of our recent
actual feasibility demonstration of the control concept is given in which an asymmetrical flow
configuration was symmetrized by the surface discharge plasmas. In this work, the important
role of bluntness and laminar and turbulent separation cases was highlighted as well as the ability
to symmetrize and initially unsymmetrical nose vortex pair due to delayed spark ignition on one
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side of the cone. Subsequent ignition of this side symmetrized the unsymmetrical vortex
configuration.

Experiments with variation of the surface discharge actuator power demonstrated that it is
feasible to smooth variations of flow asymmetry and pressure distribution. This is of critical
importance for stall-spin departure control.

Distribution of pressure coefficient
=10 m/s, AOA = 22.5 deg.

! y

u
5\

No discharge Right discharge is on Right and left discharges
are on

Figure 23 Demonstration of vortex flow control using spark discharges on a slender cone.



SC71234 RFRFTV

TELEDYNE
SCIENTIFIC COMPANY
A Toledyne Technologies Compary

2.4 Plasma discharge modeling

Our modeling of the surface barrier discharge (SBD) was started under the ISTC project 2235. In
FY 2002-2004, physical and mathematical models of SBD relevant to flow control applications
have been formulated. The SBD configuration and its equivalent electrical scheme are shown in
Figure Figure 24. The first electrode is a thin metal strip flush-mounted on the cone surface
energy input line. The second electrode is mounted under the first one. The electrodes are
separated from each other by a dielectric layer of thickness d and the relative permittivity &.
The discharge evolves along the first electrode edge, if the electrodes are supplied by an
alternating voltage of appropriate frequency and the voltage amplitude is high enough for air
breakdown. In atmospheric air, this discharge burns stably in the form of a thin line along the

electrode edge for alternating voltage frequency /=1-100 kHz and voltage amplitude greater than
few kilovolts [29, 30].

The surface barrier discharge is a set of short, temporally repetitive streamers propagating
perpendicular to the electrode edge. To 10 ns accuracy, all streamers start simultaneously in each
streamer set [31]. These sets are separated from each other by the time interval Az~ 30 ps for an
external voltage frequency /=1kHz (Figure 25).
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Figure 25 Current pulses (spikes) associated with SBD for alternating voltage (dashed curve) of
frequency f~1kHz [31].
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For f <<1/Ar, the streamer distribution along the electrode edge is chaotic with nonz.mcn;;:r?r_;é
to any fixed points. Accordingly, the dust visualization of SBD [32] (Figure 26) shows that the

discharge region uniformly covers a strip along the electrode edge. The strip width, / , depends
on the electrode polarity, voltage amplitude and & (Figure 27).
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Figure 26 Dust visualization of SBD [29]: (a) - positive voltage pulse of 20 kV; (b) — negative
voltage pulse of 20 kV; (c) — alternating voltage of 10 kV.
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Figure 27 SBD average streamer length /; as a function of the applied voltage (&5, @&=2mm) for
positive (1), negative (3) and alternating (2) surface electrode polarity [29].

21



SC71234 RFRFTV

* TELEDYNE
SCIENTIFIC COMPANY

A Teledyno Technologies Company

The problem of surface discharge evolution in the near wall region was formulated in a 2-D
approximation using aerodynamic models for the boundary layer and previously developed
kinetic models for SBD [30]. We focused on the case of maximum average power deposition,
when only one current pulse occurs on each half of the applied voltage period (this corresponds
to the applied voltage frequency f~ 100-300 kHz). The following phases of SBD burning were
identified:

e Phase A of 7, = 30-50 ns is associated with discharge formation and development. This
phase is characterized by an electric field of breakdown level.

e Phase B of A7~1/(2f) = 2-5 ps is relevant to intervals between the neighboring current pulses
of opposite polarity.

Analysis of the SBD kinetic processes show:

e For modeling of Phase A4, electron impact ionization, dissociative attachment and, possibly,
electron detachment need to simulated.

e For modeling of Phase B, electron attachment and detachment as well as the ion-ion
recombination processes should be included.

Since Phase 4 is much shorter than Phase B, the former can be modeled separately. Namely,
Phase A4 can be treated as the SBD development corresponding to an electrical current pulse
flowing through the gas due to electron and ion drift and diffusion. The electron detachment
from negative ions and recombination processes can be neglected. In this approximation, the
problem was formulated and solved numerically using Particle-in-Cell (PIC) method for the
transport equations and the improved Gauss-Seidel (upper relaxation) method for the Poisson
equation governing the electric potential.

First-cut calculations showed that the aforementioned model is not correct. The initially
volumetric distribution of electrons are convected by the electric field to the dielectric surface
without sufficient production, so that the discharge ceases before the electron concentration
reaches a value sufficient for air glowing. To improve the model, the air ionization by UV
photons emitted by discharge region should be taken into account. Photo-ionization is a key
mechanism for barrier discharge development, because it may create new electron-ion pairs in
the region of high electric field that, in turn, gives rise to new electron avalanches.

In FY 2005, the modified problem, which includes the photo-ionization effect, was solved
numerically. These solutions represent the streamer phase of less than 10-20 ns duration.
Calculations were carried out for different polarity of applied constant voltage ¥ =+ 7kV. The
upper electrode occupies the region x < 0, 0.1 > y> 0. Figure 28 and Figure 29 show the
longitudinal component of volumetric force density and the time-averaged power deposition for
a negative electrode potential (¥ =—7kV). Similar data for the positive electrode potential (V
=7kV) are shown in Figure 30 and Figure 31. The spatial distributions of momentum and energy
sources are quite different. For negative potential, the momentum and energy sources are
attached to the surface. For a positive potential, these sources peak in the volume located at a
distance ~ 0.1mm from the dielectric surface.

The absolute values of energy and momentum sources are greater for a positive electrode
potential. Since the force acting on the carrier gas is directed from positive to negative electrode,
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the momentum transfer to the gas produced by positive ions is greater than that produced by the
electrons. The absolute value of the force due to this momentum transfer coincides in order of

magnitude with the estimates based on experimental observations.

The foregoing results indicate that our physical and numerical models capture the streamer
phase of SBD evolution. This provides a good starting point to address the relaxation phase B
and treat the whole SBD cycle produced by an alternating applied voltage.
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Figure 28 Contours of time averaged x-component of volumetric force density (in units of
MDyn/cm’®) for negative electrode polarity (V = -7kV); time ¢ is in units of 1.78 ns.
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Figure 29 Contours of time averaged power deposition /¥ (in units of kW/cm?®) for negative
electrode polarity (V = -7kV); time ¢ is in units of 1.78 ns.
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Figure 30 Contours of time averaged x-component of volumetric force density (in units of
MDyn/cm?®) for positive electrode polarity (V = +7kV); time ¢ is in units of 1.78 ns.
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Figure 31 Contours of time averaged power deposition W (in units of kW/em®) for positive
electrode polarity (V = +7kV); time ¢ is in units of 1.78 ns.
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3. Summary and Impact of Effort

The first phase of this program clearly confirmed that nose tip-vortex symmetry breaking
strongly depends on the boundary-layer separation locus. Results of this research provided strong
evidence supporting our original conjecture that this locus can be effectively controlled by a
surface discharge located upstream from the separation line. From the lower-order theoretical
models, it was shown that with strategically located discharges of relatively small power (less
than 1 kW) it is feasible to shift the separation line toward the windward surface and stabilize the
symmetric vortex configuration as well as make it robust to symmetry-breaking small
perturbations. Such power levels can be easily accommodated on aircraft. Under complementary
EOARD support, the Institute of Theoretical and Applied Mechanics (ITAM, Novosibirsk)
performed a first series of wind-tunnel experiments validating the theory and even provided a
working spark discharge arrangement that avoids symmetry-breaking on a conical nose tip,
typical of actual aircraft shapes.

In the second phase, the effort has been focused on development of more comprehensive
computational tools, which could provide data for validation and calibration of our lower-order
theoretical models. By examining available numerical methods, which have been used for
modeling of the vortex flow over a cone at high angles of attack, we concluded that methods
based on the Conical Navier-Stokes (CNS) equations fit our needs. The CNS equations are an
approximate form of the 3-D Navier-Stokes equation. They differ from the full equations by the
assumption of constant properties in the radial direction. Nevertheless, the conical solutions
reproduce symmetric and asymmetric vortex configurations, which are similar to those observed
in experiments. As contrasted to our earlier lower-order models, in which the separation points
were fixed a priori, the CNS method captures the interaction between viscous boundary layer and
inviscid outer flow and predicts separation lines.

The Conical Navier-Stokes (CNS) solver was developed and applied to simulate vortex
structures over a cone at high angles of attack for laminar and turbulent flows. Numerical
solutions satisfactorily predict characteristics of symmetric and asymmetric vortex structures for
laminar and turbulent flows observed in the subsonic wind-tunnel experiments. The CNS solver
was used for modeling of the spark-discharge effect on vortex asymmetry past a sharp cone at
high angles of attack. To simulate local heating induced by the discharge, a source term was
added to the energy equation. The CNS predictions qualitatively agree with the experimental
observations. Namely, the heat source causes early separation and reduces the vortex flow
asymmetry. With two symmetric heat sources located on opposite sides of the cone cross-section
it is feasible to restore the symmetric flow pattern and eliminate the side force. Numerical studies
showed that the side force reveals a hysteretic behavior versus the source intensity. The side
force control law may reveal non-monotonic features depending on the angle of attack and the
heat source intensity.

The major gap in plasma flow control technology is the lack of self-consistent theoretical models
and robust computational tools providing adequate simulation of heat and momentum sources
induced by surface plasma discharges. First steps in solving this problem were made for the
surface barrier discharge (SBD). The developed physical and numerical models capture the
streamer phase of SBD evolution. This provides a good starting point to address the relaxation
phase and treat the whole SBD cycle produced by an alternating applied voltage.
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The findings summarized herein encourage us to continue the theoretical and computational
effort that will interact with wind tunnel testing of ITAM. With our refined theoretical and CFD
tools, we are well positioned to investigate effects of external forcing produced by surface
plasma dischargers and address the problem of plasma stall spin departure control and other
aerodynamic augmentation such as separation, transition and vortex control and virtual morphing
of high altitude, long endurance flight vehicles.
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